Objective: To elucidate the genetic cause of a rare recessive ataxia presented by 2 siblings from a consanguineous Turkish family with a nonprogressive, congenital ataxia with mental retardation of unknown etiology.
Autosomal recessive cerebellar ataxias are a clinically and genetically heterogeneous group of neurologic disorders characterized by deficiencies in the coordination of movements, most prominently the limbs, trunk, and eyes. While most forms of ataxia are individually rare, recessive ataxias are cumulatively not uncommon, with an estimated frequency of 1/20,000 that varies between countries. 1, 2 Most suspected recessive ataxia cases test negative for the 21 ataxia genes that are routinely included in clinical genetic testing, 2 suggesting that most recessive ataxia genes are still unknown. Identifying additional recessive ataxia genes may help in diagnosis and prognosis and the identification of novel ataxia pathways, 3 which in turn may lead subsequently to novel drug development. 4, 5 Next-generation sequencing has recently been used to identify genes involved in rare neurologic disorders, 6 including ataxia, 2,7-9 often with the help of consanguinity, 2 as homozygosity further narrows down the linkage evidence, 10 and homozygous mutations are easier to detect than 2 compound heterozygotes. Here, we identified a novel splice mutation by next-generation sequencing and homozygosity mapping in a small consanguineous family that leads to ataxia, developmental delay, and mental retardation in humans, and abnormalities in cerebellar morphology and movement in a zebrafish model with the same splicing defect.
METHODS Standard protocol approvals, registrations, and patient consents. Informed consent was obtained from participants, and the institutional review board of the University of Michigan Medical School approved this study. Heparin (green) blood from the affected individuals was separated by density centrifugation and transformed with Epstein-Barr virus. 11 After growth initiation, aliquots were frozen and grown as needed.
Exome sequencing and homozygosity mapping. Homozygosity mapping was performed by hybridizing DNA from both affected individuals to high-density Sentrix Human Hap 550 genotyping chips (Illumina, San Diego, CA). Linkage analysis was performed by hybridizing DNA from both affected individuals to Infinium HumanLinkage-12 genotyping chips (Illumina) and data were analyzed using Merlin. Note that these linkage chips are no longer being sold.
Exome capture was performed with the NimbleGen SeqCap EZ Exome Library v1.0 kit (Roche, Indianapolis, IN). The exonenriched DNA from both affected individuals was sequenced with an Illumina HiSeq2000 instrument at the University of Michigan DNA Sequencing Core to an average depth of coverage of 203. We filtered the exome data to variants that were (1) in the homozygosity regions, (2) homozygous in both individuals, and (3) predicted to change the protein sequence or expression.
PCR. CWF19L1 sequences were obtained from the National Center for Biotechnology Information using NC_000010.11 for DNA and NM_018294 for RNA. DNA was extracted from EDTA (lavender) blood samples using the Puregene Blood Core Kit (Qiagen, Valencia, CA). RNA was extracted from lymphoblastoid cell lines (LCLs) using TRIzol reagent (Life Technologies, Grand Island, NY) according to the manufacturer's instructions. RNA was subjected to DNase I treatment (Ambion, Grand Island, NY) and reverse transcribed using the Invitrogen (now Life Technologies, Grand island, NY) SuperScript II reverse transcription kit using Oligo dTs and random hexamers.
Microarray and quantitative RT-PCR. RNA was extracted from LCLs of the affected siblings and 28 affected with other ataxias and control individuals. Complementary RNA was prepared by standard methods and hybridized to Illumina human genome expression micro-array (RefSeq8). Data were analyzed using Illumina BeadStudio. Quantitative reverse transcription (qRT)-PCR was performed on an iQ5 cycler (BioRad, Hercules, CA). Assays were performed in 20-mL reaction mixtures, using a SYBR Green Master Kit, following the manufacturer's protocol. All measurements were done in triplicate. The threshold cycle value for each product was determined and normalized to that of the internal controls, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and b-actin. qRT-PCR results were analyzed using MyQ (BioRad).
Western blotting. Protein was extracted from LCLs of affected and control individuals. Commercial tissue lysates for liver, stomach, cerebellum (left and right), spleen, heart, whole brain, frontal lobe, kidney, skeletal muscle, and lung were obtained from ProSci Incorporated (Poway, CA). Commercial normal tissue brain lysates blot ( Zebrafish experimentation. Wild-type (AB strain) adult zebrafish were maintained in accordance with Institutional Animal Care and Use Committee-approved standards. Adult ABs were mated to generate embryos for all subsequent analyses.
A morpholino was designed to the exon 9 splice acceptor and donor sites of the zebrafish cwf19l1 gene. All studies were done as a comparison between the cwf19l1 morpholino and a standardized control morpholino (Gene Tools, Inc., Philomath, OR). The sequence of the cwf19l1 exon 9 splice acceptor morpholino is TGCTGGTTCTTCCTGATCAAAGAGA, and the sequence of the cwf19l1 exon 9 splice donor morpholino is AGAGTG-CATGTGAATGGACTCACGT. The standard control morpholino sequence is CCTCTTACCTCAGTTACAATTTATA. Morpholinos were injected into 1-to 2-cell stage embryos. Increasing concentrations were injected and screened by RT-PCR to determine efficacy regarding interrupting splicing. The minimal dose for effect was 0.15 mM for the splice acceptor and 0.45 mM for the splice donor and was used for all subsequent experimentation. Characterization of the morphant zebrafish involved behavioral analysis techniques that have been previously described. 12, 13 Whole-mount immunostaining. Immunostaining was performed using the protocol of Bae et al. 14 Anti-zebrin II primary antibody (1/200, hybridoma supernatant), 15, 16 Alexa Fluor 488 goat anti-mouse (1/1,000 dilution, Molecular Probes [Invitrogen, Grand Island, NY]), and DAPI (Thermo Fisher, Rockford, IL) were used.
For each test, 50 to 100 embryos were injected and scored by 2 investigators who were blinded to the injection cocktail. All experiments were performed 2 to 3 times, and statistical significance was calculated using x 2 test.
RESULTS Exome sequencing identifies mutation in
CWF19L1 in affected siblings. The consanguineous family (parents are first cousins) has been previously described. 17 Two siblings, but not their parents or their unaffected sibling, are affected with hypotonia, developmental delay, mental retardation, and nonprogressive truncal and extremity ataxia. MRI demonstrated hypoplasia in the vermis and cerebellar hemispheres. 17 To identify candidate genes causing the ataxia-mental retardation syndrome in this family, we used whole-exome sequencing filtered by homozygosity. Homozygosity mapping identified 13 regions .500 kb, spanning 71 Mb, approximately 2% of the genome, as homozygous and shared between the siblings, reaching LOD (logarithm of the odds) scores of 1.0 to 1.8 (see figure 1A for chromosome 10). These regions contained 485 candidate genes, but no previously known ataxia genes.
Exome sequencing variants were filtered by being on target (in or near exons), the homozygosity regions, and predicted damaging function (nonsense, missense, and splice variants; see figure 1B ). A total of 4,969 variants were shared between the 2 affected individuals, 713 were homozygous, 28 of which mapped to the shared homozygosity regions, with 3 of these in gene regions, which were also absent in the EVS server (National Heart, Lung, and Blood Institute Exome Variant Server [NHLBI GO Exome Sequencing Project ESP], Seattle, WA [URL: http://evs.gs.washington.edu/EVS/; October 2011, similar results January 2014]). These 3 variants were predicted to be potentially damaging by POLYPHEN and SIFT 18, 19 : 2 missense mutations in conserved amino acids and one a splice mutation (figure 1, C and D).
Of the 3 candidate gene mutations, 2 were unlikely to cause ataxia: a missense mutation in CDC73, as other mutations in this gene cause hyperparathyroidism, jaw syndromes, and cancer, 20,21 and a missense mutation in GSTO1, as mutations in GSTO1 in humans and loss of GSTO1 in mice and drosophila does not cause any discernible phenotype. [22] [23] [24] The third mutation was a mutation in CWF19L1 in an obligatory splice site (c.96411G.A, i.e., the first base of intron 9, always G, is changed to an A; figure 1D ). Sanger sequencing confirmed this mutation in the affected siblings and demonstrated that it is absent in 200 Turkish individuals without neurologic disorder. The parents are each heterozygous for this mutation, and the unaffected sibling is homozygous for the reference allele ( figure 1D ). We also tested 64 other subjects with unexplained ataxia and detected no damaging homozygous or compound heterozygous mutations in any of the exons or flanking intronic regions of CWF19L1.
Splice mutation causes exon skipping, decreased messenger RNA levels, and loss of protein. The identification of a splice donor site mutation after exon 9 is predicted to have deleterious impact on messenger RNA (mRNA) stability and translation. To test whether the mutation affects gene expression, we extracted RNA from LCLs of the affected siblings and 28 other individuals, prepared complementary RNAs, and hybridized them to Illumina human genome expression micro-arrays (RefSeq8). The level of expression of CWF19L1 in LCLs from the 2 affected children was 2-to 8-fold less when compared with 28 other individuals (ranked within the 10 largest expression changes for these 2 affected individuals) while expression of GSTO1 and CDC73 was unchanged (not shown). To further quantify the expression changes, we performed qRT-PCR using primers designed to CWF19L1. Normalized against GAPDH and ACTIN-b, mRNA from the affected individuals is approximately 6-fold reduced compared with that of control (n 5 3) individuals (data not shown).
RT-PCR of RNA from LCLs derived from the 2 affected siblings and control individuals, using primers in exon 7 and exon 11, showed the expected 421-bp product in control individuals, but a shorter, 302-bp, fragment in affected individuals ( figure 2A) . Sanger sequencing confirmed that the shorter complementary DNA misses all 119 bases of exon 9 (schematic figure 2B ). Skipping this exon is predicted to lead to an out-of-frame stop codon after 60 aberrant amino acids. Hence, nonsense-mediated decay may explain the reduction in mRNA level seen in the LCLs.
Western blot analysis of C19L1, the protein encoded by CWF19L1, using protein extracts from LCLs, shows 2 protein bands of approximate molecular weight of 61 and 46 kDa in control individuals, both of which are missing in the patients ( figure 3A ). There are 3 predicted protein isoforms from the various splice variants of CWF19L1. Because the antiserum epitope spans exons 5 to 7, we expected to detect 2 of the 3 predicted isoforms (schematic figure 3B) . The absence of protein bands in the patients demonstrates specificity of this antiserum. In affected individuals, there was no evidence for presence of normal or the predicted truncated (344 amino acid) protein, even when overloading or overexposing the blot (data not shown).
Western blot of C19L1, using commercial tissue lysates, detected expression of C19L1 throughout many brain regions, including the cerebellum (figure 3C, and figure e-1 on the Neurology ® Web site at Neurology.org). Immunoblot revealed only the canonical protein band in brain tissues, suggesting that this is the isoform present in the brain, although we cannot exclude undetectable levels of the other predicted isoforms of C19L1. and a function of CWF19L1 in ataxia is not immediately apparent. Therefore, we could not exclude that this could be a rare Turkish variant without pathologic implications. To test the effect of this mutation in vivo, we used a morpholino knockdown strategy to the homologous intron-exon junction in a zebrafish model. The zebrafish cwf19l1 gene has 14 exons, shares 65% protein identity with the human CWF19L1 gene, 26, 27 and has the same predicted intron-exon structure. The cwf19l1 gene is expressed ubiquitously in zebrafish, with higher expression in blood and head. 28 We designed 2 different morpholinos to the exon 9 splice acceptor and donor site (cwf19l1 I8E9 and E9I9 MOs) to target splicing out of exon 9, as in the affected individuals (schematic figure 4A ). MOs were injected into 1-to 2-cell stage embryos and RNA was extracted at 3 days postfertilization. RT-PCR, using primers to exon 6 and exon 10, revealed the expected band of approximately 450 bp in fish injected with a standard control morpholino (Gene Tools). However, RT-PCR from morphant fish injected with the cwf19l1 MOs demonstrated knockdown of the RT-PCR product with increasing morpholino concentration (data not shown). In addition, Western blots performed with a C19L1 antiserum (Novus Biologicals, Littleton, CO) demonstrated knockdown and loss of the c19l1 protein with increasing MO concentration ( figure 4B ), indicating deficiency of the protein in morphant fish. Behavioral analysis of cwf19l1 morphant embryos (as compared with control morphants) revealed reduced swim speed and abnormal touch-evoked escape response, a stereotyped behavior that is prominent at 3 days postfertilization (see figure  4C and videos 1-4). As this response was elicited with both cwf19l1 morpholinos, this suggests that knockdown of cwf19l1 causes the abnormal motor behavior in these fish. Because the E9I9 MO required a higher dose to show morpholino effect, touch-evoked escape response was only quantified for comparison of 0.15 mM I8E9 and 0.45 mM E9I9 morphant fish. Doses above 0.5 mM are associated with an increase in mortality rate in control MO-injected fish and potential off-target effects of the individual morpholinos, 29,30 therefore doses above 0.5 mM were not used for the E9I9 morpholino.
Because the affected individuals showed cerebellar hypoplasia, we tested whether knockdown of cwf19l1 in morphant fish altered cerebellar morphology. Immunostaining with the zebrin II monoclonal antibody, which labels aldolase C-positive Purkinje cells, 15, 16 demonstrated altered/diminished cerebellar staining in I8E9 morphants that worsened with increasing MO concentration ( figure 5, A-D) , suggestive of a defect in cerebellar structure. E9I9 morphant fish had similar results (not shown). These results corroborate that c19l1 protein deficiency is associated with a neurologic movement disorder and with cerebellar abnormalities.
DISCUSSION Using a combination of homozygosity mapping and next-generation sequencing, we have identified a novel gene associated with a rare, recessive ataxia-mental retardation syndrome. It is estimated that 40% of recessive ataxias still have unknown etiology, 2 therefore, discovery of this gene may lead to the identification of novel pathways in ataxia or may uncover a role for this gene in current ataxia pathways. The identification of a mutation in CWF19L1 in siblings with congenital ataxia, confirmed by morpholino knockdown in zebrafish leading to cerebellar and movement abnormalities, suggests that this gene has a role in neuronal development. CWF19L1 encodes several protein isoforms. Our data suggest that the mutation leads to a null allele, because no protein could be detected even by overexposure. However, we can not differentiate between a severe hypomorph and a null allele, because we can not exclude the possibility that some normal splicing persists, and a small amount of normal protein below our level of detection limit may still be made. In addition, immunoblot of human brain tissue lysates demonstrated expression of C19L1 throughout the brain, suggesting it is important for proper brain function.
The function of the CWF19L1-encoded C19L1 proteins is unknown. Based on in vitro interaction experiments, it was postulated to have a role in cellcycle control 31, 32 or in endosomal trafficking. 33, 34 While one yeast ortholog, cwf19, was identified as having a role in mRNA processing, the role for CWF19L1 may be different in humans, because CWF19L1 has been shown in a large human yeast 2-hybrid screen to interact with TOM1L1, a Srcactivating and signaling molecule, which is not present in yeast. Preliminary data in our laboratory show nuclear localization of the C19L1 protein. In addition, the C19L1 protein has a metallophosphatase domain, which is found in RNA lariat debranching enzymes, and in proteins involved in double-strand break repair, including MRE11. [35] [36] [37] Taken together, these results suggest a role in mRNA processing; however, because the in vitro interactions have not been experimentally verified, further studies will be needed to determine the role of the C19L1 protein in brain development and function. While the function of this gene is unknown, its conservation from yeast to humans indicates its evolutionary importance. One strategy to determine the functional importance of a gene in an organism is to decrease or abolish expression of the gene to determine the effects of reduction or loss of the gene product. Zebrafish animal models have recently been used to study mutations in ataxia genes. [38] [39] [40] In our study, knockdown of cwf19l1 in fish caused abnormal motor behavior and alteration of cerebellar structure. These data represent functional validation of the whole-exome sequencing results, demonstrating that loss of cwf19l1 is associated with an abnormal motor phenotype. These similarities in phenotype between the affected subjects with CWF19L1 mutations and the zebrafish with knockdown of cwf19l1 could, however, be coincidental. Additional families with the same mutation and phenotype, which may be found in Turkey due to a possible founder mutation or ataxia families with other mutations in CWF19L1, will be needed to confirm our results, and are required before CWF19L1 can be used for clinical diagnosis of ataxia and prognosis.
There are currently no therapies for ataxia; therefore, determining new pathways or targets for therapy are important. Recently, mouse models for spinocerebellar ataxia 1 and Friedreich ataxia have led to potential drug targets and clinical trials. 4, 5 In the future, this zebrafish model may also be used to understand the function of C19L1, analyze and confirm cell experiments, and ultimately test potential therapies for this form of ataxia.
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